clear factor-B (NF-B) is a master regulator of genes that control a large number of cellular processes, including angiogenesis and inflammation. We recently demonstrated that cytochrome P-450 1B1 (Cyp1B1) deficiency in endothelial cells (EC) and pericytes (PC) results in increased oxidative stress, alterations in migration, attenuation of capillary morphogenesis, sustained activation of NF-B, and increased expression of thrombospondin-2 (TSP2), an endogenous inhibitor of angiogenesis. On the basis of a growing body of evidence that phenethyl isothiocyanate (PEITC) and pyrrolidine dithiocarbamate (PDTC) function as antioxidants and suppressors of NF-B activation, we investigated their potential ability to restore a normal phenotype in Cyp1B1-deficient (cyp1b1 Ϫ/Ϫ ) vascular cells. PEITC and PDTC inhibited NF-B activity and expression in cyp1b1 Ϫ/Ϫ EC and PC. We also observed restoration of migration and capillary morphogenesis of cyp1b1 Ϫ/Ϫ EC and decreased cellular oxidative stress in cyp1b1 Ϫ/Ϫ EC and PC without restoration to normal TSP2 levels. In addition, expression of a dominant-negative inhibitor B␣, a suppressor of NF-B activation, decreased NF-B activity without affecting TSP2 expression in these cells. In contrast, knockdown of TSP2 expression resulted in attenuation of NF-B activity in cyp1b1 Ϫ/Ϫ vascular cells. Furthermore, expression of TSP2 in wild-type (cyp1b1 ϩ/ϩ ) cells resulted in increased NF-B activity. Together, our results demonstrate an important role for TSP2 in modulation of NF-B activity and attenuation of angiogenesis. Thus Cyp1B1 expression in vascular cells plays an important role in the regulation of vascular homeostasis through modulation of the cellular reductive state, TSP2 expression, and NF-B activation.
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isothiocyanates; NF-B; angiogenesis; cell migration; thrombospondins; oxidative stress NUCLEAR FACTOR-B (NF-B) is a transcription factor involved in cell proliferation, angiogenesis, inflammation, and survival. Rel family members (p65/RelA, RelB, c-Rel, p50, and p52) form homo-or heterodimeric complexes that comprise the NF-B complex. In resting cells, NF-B is inactive because of its sequestration by inhibitor B (IB) proteins, which mask the nuclear localization sequence of NF-B, thereby retaining it in the cytoplasm and preventing DNA binding and, subsequently, gene transcription (1) . Upon stimulation, IB is phosphorylated, ubiquitinated, and degraded by the proteosome. The NF-B complexes are then translocated to the nucleus and bind DNA and activate transcription of target genes. Dysregulation of NF-B activity is involved in a number of disease states, including cancer, chronic inflammation, glaucoma, retinal diseases, and diabetes (10) . Recent studies from our laboratory have shown that a cytochrome P-450 1B1 (Cyp1B1) deficiency in endothelial cells (EC) or pericytes (PC) leads to increased oxidative stress, increased levels of the matricellular protein thrombospondin-2 (TSP2), and sustained p65 NF-B activation (31, 39) . The mechanisms underlying NF-B activation, as well as its further role in the dysregulation of angiogenesis in Cyp1B1-deficient (cyp1b1 Ϫ/Ϫ ) vascular cells remain unknown. Cytochrome P-450 enzymes, including Cyp2J2 and Cyp2B6, have been identified within the cardiovascular system (3, 43, 48) . Cytochrome P-450 enzymes utilize endogenous substrates, such as retinoic acid and arachidonic acid, to generate intracellular messengers, such as cis-epoxyeicosatrienoic acids, mid-chain cis-trans-conjugated dienols, and hydroxyl epoxyeicosatrienoic acids, with important roles in the modulation of vascular tone, blood flow, and angiogenesis (11, 13, 14, 48) . Cyp1B1 is mainly expressed in extrahepatic epithelia, steroidogenic tissues, and vascular EC and smooth muscle cells (12, 19, 20, 28, 32, 38, 39, 41) . Cyp1B1 participates in the oxidative metabolism of xenobiotics and metabolizes substrates of endogenous origin, including retinol, melatonin, and dietary plant flavonoids (7, 37, 51) .
Recent studies conducted in our laboratory established an important role for Cyp1B1 in the regulation of angiogenesis. In vivo, retinas from cyp1b1 Ϫ/Ϫ mice exhibited reduced vascular density and failed to undergo neovascularization during oxygen-induced ischemic retinopathy. We also demonstrated, for the first time, that Cyp1B1 is constitutively expressed in EC and PC from the retina and vascular beds of other tissues (31, 39) . The lack of Cyp1B1 resulted in attenuation of migration, endothelial nitric oxide (NO) synthase (eNOS) expression, and capillary morphogenesis of EC. More recently, we demonstrated that Cyp1B1 deficiency in retinal PC results in increased proliferation and migration, decreased vascular endothelial growth factor secretion, and increased Akt activation. These changes were concomitant with increased oxidative stress, sustained NF-B activation, and TSP2 expression in EC and PC. Thus Cyp1B1 plays an essential role in maintaining the physiological function of vascular cells and angiogenesis. How Cyp1b1 deficiency leads to sustained activation of NF-B and TSP2 expression needs further delineation.
Isothiocyanates are bioactive products produced from the breakdown of glucosinolates in cruciferous vegetables, such as broccoli, cabbage, and watercress (8) . Cruciferous vegetable consumption is associated with reduction of cancer incidence through inhibition of phase I biotransformation enzymes, particularly the cytochrome P-450 family (29) . Phenethyl isothiocyanate (PEITC), an important hydrolysis product of gluconas-turtiin in watercress, has been shown to have antioxidant properties, inhibit NF-B signaling, and induce apoptosis of various human cancer cells (15, 44, 47) . Another compound demonstrated to inhibit NF-B and to have antioxidant and anti-inflammatory effects is pyrrolidine dithiocarbamate (PDTC), a member of the dithiocarbamate family (6, 34) . Dithiocarbamates have a widespread range of use, from pesticide applications to antiviral and antitumor drugs and removal of metals from organisms (6, 25, 34, 36) . PDTC exerts protective effects against acute lung injury in rabbits by inhibiting NF-B, resulting in partial inhibition of TNF-␣ production and upregulation of ICAM-1 (42) .
In the present study we examine the effect of PEITC and PDTC, with antioxidant and NF-B inhibitory activities, in cyp1b1 Ϫ/Ϫ vascular cells. We demonstrate that administration of PEITC and PDTC inhibits NF-B activation, abrogates oxidative stress, and restores migration and capillary morphogenesis of cyp1b1 Ϫ/Ϫ vascular cells without reducing TSP2 expression. Knockdown of TSP2 in cyp1b1 Ϫ/Ϫ EC and PC and overexpression of TSP2 in wild-type (cyp1b1ϩ/ϩ) EC and PC demonstrate an important role for TSP2 in NF-B activation in these cells. Together, our studies indicate that, in the absence of Cyp1b1, increased oxidative stress and TSP2 expression attenuate angiogenesis through sustained activation of NF-B.
MATERIALS AND METHODS
Experimental animals. All experiments were carried out in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Institutional Animal Care and Use Committee of the University of Wisconsin School of Medicine and Public Health. Immortomice expressing a temperature-sensitive simian virus-40 large-T antigen (Charles River Laboratories, Wilmington, MA) were backcrossed into C57BL/6 mice in our laboratory, further crossed with cyp1b1 Ϫ/Ϫ mice, and generated in a C57BL/6 background, as previously described (39) . A line of TSP2 reporter transgenic mice was generated by insertion of an enhanced green fluorescent protein (GFP) cDNA downstream of the TSP2 promoter in a bacterial artificial chromosome clone. This transgene allows expression of GFP from the endogenous TSP2 promoter.
Tissue preparation and culture of retinal vascular cells. Retinal EC and PC were isolated from cyp1b1 ϩ/ϩ and cyp1b1 Ϫ/Ϫ immortomice, the identity of the cells was confirmed, and the cells were cultured as previously described (31, 39) .
Visualization of the retinal vasculature. The retinal vascular pattern was analyzed using retinal whole mounts stained with rabbit anti-GFP antibody (Ab 10145, EMD Millipore, Billerica, MA) and rat antiplatelet endothelial cell adhesion molecule 1 (PECAM-1; catalog no. 553370, clone MEC13.3, BD Biosciences, San Jose, CA). At designated postnatal time points, the mouse eyes were enucleated, fixed for 4 min in 4% paraformaldehyde, and then placed in 70% ethanol for Ն24 h at Ϫ20°C. Retinas were dissected in PBS (Sigma) and then washed with PBS three times for 10 min each. After incubation with blocking buffer (50% FCS and 20% normal goat serum in PBS) for 2 h, the retinas were incubated with rabbit anti-GFP and rat anti-PECAM-1 at 4°C overnight. Retinas were then washed three times with PBS for 10 min each and incubated with the secondary antibodies anti-rabbit Cy3 and anti-rat Cy2 (Jackson ImmunoResearch, West Grove, PA; 1:500 dilution prepared in PBS containing 20% FCS and 20% normal goat serum) for 2 h at room temperature. After incubation, retinas were washed four times with PBS for 30 min each and mounted on a slide using PBS-glycerol. Retinas were viewed by fluorescence microscopy, and images were captured in digital format using a Zeiss microscope (Carl Zeiss, Chester, VA). retinal EC and PC were plated at 8 ϫ 10 3 cells per well of a 96-well plate and incubated for 24 h with PEITC or PDTC (Sigma Aldrich, St. Louis, MO) in growth medium. Viability was determined by measurement of absorbance at 490 nm using a microplate reader (Thermomax, Molecular Devices, Sunnyvale, CA) and determined as a percentage of control untreated cells. All samples were prepared in triplicate and repeated at least three times with similar results.
Real time-PCR analysis. The cyp1b1 ϩ/ϩ and cyp1b1 Ϫ/Ϫ retinal cells were allowed to reach 80% confluence and incubated for 24 h with PEITC or PDTC in growth medium. Cells were rinsed twice with PBS, scraped from 60-mm tissue culture plates, and transferred to microcentrifuge tubes. Cells were centrifuged, immediately frozen in liquid nitrogen, and stored at Ϫ80°C until analysis. Total RNA was extracted using the mirVana PARIS kit (Ambion) according to the manufacturer's instructions. cDNA was synthesized from 1 g of total RNA using the Sprint RT Complete-Double PrePrimed kit (Clontech, Mountain View, CA). For quantitative PCR (qPCR) assays, 1 l of each cDNA (dilution 1:10) was used as template. qPCR assays were performed in triplicate using three biological replicates on Mastercycler Realplex (Eppendorf, Hauppauge, NY) using the SYBR qPCR Premix (Clontech). Amplification parameters were as follows: 95°C for 2 min, 40 cycles of amplification (95°C for 15 s, 60°C for 40 s), and dissociation curve step (95°C for 15 s, 60°C for 15 s, 95°C for 15 s). Standard curves were generated from known quantities for each target gene of linearized plasmid DNA. Ten-times-dilution series were used for each known target, which was amplified using SYBR-Green qPCR. The linear regression line for nanograms of DNA was determined from relative fluorescence units at a threshold fluorescence value (C t) to quantify gene targets from cell extracts by comparison of the relative fluorescence units at the Ct with the standard curve and normalized by the simultaneous amplification of Rpl13A, which was used as a housekeeping gene to normalize all samples. TSP2 forward (5=-CCCCAAACTGCCAAATTCC-3=) and reverse (5=-TCGTCA-CAAGCATCTCCGATT-3=) primers were used.
Apoptosis assays. Apoptosis was determined by measurement of caspase activation using the Caspase-Glo 3/7 assay kit, as recommended by the supplier (Promega). The assay provides caspase-3/7 DEVD-aminoluciferin substrate, and caspase-3/7 activity is detected by luminescent signal. For the assay, cyp1b1 ϩ/ϩ and cyp1b1
retinal EC and PC were plated at 8 ϫ 10 3 cells per well of a 96-well plate and incubated for 24 h with inhibitors in growth medium. Caspase activity was detected using a luminescent microplate reader (Victa2 1420 Multilabel Counter, PerkinElmer, Waltham, MA). All samples were prepared in triplicate and repeated at least twice with similar results.
Determination of reactive oxygen species production. Reactive oxygen species (ROS) levels were determined by staining cells with dihydroethidium (DHE; Life Technologies, Grand Island, NY). DHE is oxidized to red-fluorescent ethidium by O2 ·Ϫ in the cytosol and intercalates in the DNA. Cells were plated at 3 ϫ 10 4 cells per well of a four-well chamber slide (Lab-TEK, NUNC, Rochester, NY) coated with 2 g/ml fibronectin (BD Biosciences) and incubated with inhibitors for 24 h in growth medium. Cells were loaded with 10 M DHE for 20 min, washed with growth medium, and returned to growth medium twice for two 30-min recovery periods. Fluorescence intensity was analyzed with a fluorescence microscope (Carl Zeiss Optics, Germany), and images were captured in digital format. Three independent experiments were performed. For quantitative assessment, the mean cellular (nuclear) fluorescence intensities were determined, and representative images are shown.
NF-B luciferase reporter assay. Retinal EC (5 ϫ 10 5 ) were plated in 60-mm tissue culture plates and, on the next day, cotransfected with 10 g of pNF-BLuc reporter plasmid (16) (NF-B-dependent luciferase reporter, 3ϫ B-Luc, kindly provided by Dr. Shigeki Miyamoto, University of Wisconsin-Madison), 10 g of ␤-galactosidase plasmid, and 20 l of Lipofectin (Life Technologies) according to the manufacturer's instructions. A corresponding empty vector was included in all transfections as control. Growth medium was refreshed after the first 24 h. Cells were treated with PEITC or PDTC for 24 h in EC growth medium at 48 h posttransfection. Lysates were prepared using cell culture lysis buffer (Promega), and luciferase and ␤-galactosidase activities were measured according to the manufacturer's instructions (Promega).
Retinal PC (5 ϫ 10 5 ) were plated in 60-mm tissue culture plates and, on the next day, cotransfected with 10 g of pNF-BLuc reporter plasmid, 10 g of ␤-galactosidase plasmid, and 15 l of FuGENE 6 (Promega) for 48 h. Cells were treated and lysates were prepared as stated above. Luminometric reactions were monitored using the Monolight 310 luminomether (BD Biosciences). Luciferase activity was corrected for transfection efficiency using ␤-galactosidase activity measured by a colorimetric assay according to the manufacturer's instructions (Promega).
TSP2 expression studies. To overexpress TSP2 in cyp1b1
retinal EC, cells (5 ϫ 10 5 ) were plated on 60-mm tissue culture dishes. On the next day, adenoviruses encoding TSP2 or GFP (40) (100 plaque-forming units/cell) and Lipofectin (15 l; Life Technologies) were diluted with 0.75 ml of Opti-MEM (Life Technologies) separately and incubated for 30 min at room temperature. After incubation, the diluted adenoviruses and Lipofectin were gently mixed and allowed to incubate at room temperature for 10 min. After incubation, the tissue culture plates were removed from the incubator, washed twice in serum-free DMEM, and incubated with 1.5 ml of the adenovirus-Lipofectin mixture overnight. On the next day, the adenovirus-Lipofectin-containing medium was removed, and the cells were gently washed twice with DMEM containing 10% FBS and incubated with EC growth medium for 2 days before they were used for experiments.
To express TSP2 in cyp1b1 ϩ/ϩ PC, cells (5 ϫ 10 5 ) were plated on 60-mm tissue culture dishes. On the next day, adenoviruses encoding TSP2 or GFP (100 plaque-forming units/cell) and FuGENE 6 (15 l; Promega) were diluted in 0.5 ml of Opti-MEM and incubated for 15 min at room temperature. After incubation, the tissue culture plates were removed from the incubator and rinsed with DMEM containing 10% FBS and 2.5 ml of growth medium was added. The diluted adenovirus mixture was added drop-wise to the plate, and the plates were incubated for 2 days before they were used for experiments.
Expression of IB␣. The hemagglutinin-tagged S32A/S36A mutant IB␣ [dominant-negative (DN)] and empty expression constructs were provided by Dr. Shigeki Miyamoto and are described elsewhere (17, 27) . The cyp1b1 Ϫ/Ϫ retinal EC and PC were transfected with DN-mIB␣ or empty vector using transfection reagents as described above for 48 h and used for further analysis.
TSP2 knockdown. Lentiviruses expressing a gene-specific small interfering RNA (siRNA) for mouse TSP2 (Sigma) were evaluated for knockdown expression. We tested six clones for knockdown of TSP2: TRCN0000065399, TRCN0000065400, TRCN0000065402, TRCN00000351965, TRCN00000351966, and TRCN00000351967. Cells (5 ϫ 10 4 ) were plated in 12-well tissue culture plates. On the next day, lentiviral particles were thawed on ice and briefly centrifuged. Hexadimethrine bromide (8 g/ml; Sigma) was added to fresh growth medium containing 10% FBS and used for infection. Lentiviral particles were added to cells at multiplicity of infection (MOI) of 5 or 10 in duplicate in 1 ml of the above-described medium. On the following day, the medium was replaced with fresh growth medium. On day 4, the medium was removed and replaced with fresh growth medium containing puromycin (5 g/ml; Sigma). Cells were fed fresh growth medium containing puromycin every 3 days until wells were nearly confluent. Cells were subsequently passaged to larger plates and maintained in growth medium. Knockdown efficiency was analyzed by Western blot analysis. Clones were selected on the basis of expression of TSP2. We observed Ͼ75% knockdown in a selected group of clones, and some clones that showed little or no decreased expression were used as control. Clones TRCN0000065400 and TRCN0000065402 at MOI of 10 were selected for cyp1b1 Ϫ/Ϫ retinal EC, and clones TRCN0000065399 and TRCN0000065402 at MOI of 10 were selected for cyp1b1 Ϫ/Ϫ retinal PC. Stable cell populations expressing a specific TSP2 siRNA were used for further analysis.
Indirect immunofluorescence. Retinal cells (1 ϫ 10 5 ) were plated in four-well chamber slides (Lab-TEK, NUNC) coated with 2 g/ml fibronectin (BD Biosciences) and incubated with inhibitors for 24 h in growth medium. On the next day, chambers were washed with PBS, fixed with methanol for 15 min on ice, and blocked with 1% BSA in Tris-buffered saline (TBS) at 37°C for 20 min. Slides were washed with TBS and incubated with anti-p65 NF-B (1:200 dilution; Santa Cruz Biotechnology) in TBS containing 1% BSA at 37°C for 1 h. After they were washed with TBS, the cells were incubated with appropriate Cy3-conjugated secondary antibody (1:500 dilution in TBS containing 1% BSA) at 37°C for 40 min. Cells were washed with TBS three times, mounted with a 1:1 TBS-glycerol solution with 4=,6-diamidino-2-phenylindole, and analyzed with a fluorescence microscope (Carl Zeiss Optics). Images were captured in digital format. Three independent experiments were performed, and representative images are shown.
Transwell migration assay. Transwell filters (Corning, Acton, MA) were coated with 2 g/ml fibronectin in PBS and incubated overnight at 4°C. The bottom of the Transwell filter was rinsed with PBS and blocked with 2% BSA in PBS for 1 h at room temperature. The Transwell filter was rinsed with PBS, and 500 l of serum-free DMEM were added to the bottom of each well. Cells were incubated with PEITC or PDTC in growth medium for 24 h prior to the experiment. Cells, at a concentration of 1 ϫ 10 5 in 100 l of serum-free medium, were added to the top of the Transwell membrane. Inhibitors were added to the top and bottom of the Transwell filter. After 4 h in a 33°C tissue culture incubator, the cells and medium were aspirated, and the upper side of the membrane was wiped with a cotton swab. The cells that had migrated through the membrane were fixed with 4% paraformaldehyde, stained with hematoxylin-eosin, and mounted on a slide. Ten high-power (ϫ200) fields of cells were counted for each condition, and the average and standard error of the means were determined. All samples were prepared in duplicate, and the experiment was repeated at least twice with similar results.
Western blot analysis. Retinal EC and PC were plated at 7 ϫ 10 5 in 60-mm culture dishes and, on the next day, incubated with PEITC or PDTC for 24 h in growth medium. For conditioned medium collection, the cells were plated and, on the next day, rinsed twice with serum-free DMEM and incubated with serum-free growth medium with PEITC or PDTC for 2 days. Conditioned medium was collected and clarified by centrifugation. Cells were rinsed once in 0.04% EDTA in PBS and lysed in 100 l of lysis buffer [50 mM HEPES (pH 7.5), 100 mM NaCl, 0.1 M EDTA, 1 mM CaCl2, 1 mM MgCl2, 1% Triton X-100, 1% NP-40, 0.5% deoxycholate, and protease inhibitor cocktail; Roche Biochemicals, Mannheim, Germany], briefly sonicated, and centrifuged at 14,000 g for 10 min at 4°C. In some cases, total protein lysates were prepared from these samples in a modified lysis buffer (2 mM orthovanadate and 2 mM sodium fluoride) to determine phosphorylation status. Retinal EC and PC (7 ϫ 10 5 ) were plated in 60-mm culture dishes and, on the next day, incubated with PEITC or PDTC for 24 h in growth medium. Protein concentrations were determined using the bicinchoninic acid method (Pierce, Rockford, IL). Samples were adjusted for protein content (50 g), mixed with an appropriate volume of 6ϫ SDSsample buffer, and analyzed by SDS-PAGE (4 -20% Tris-glycine gels; Invitrogen). Proteins were transferred to a nitrocellulose membrane and incubated in blocking buffer (0.05% Tween 20 and 5% skim milk in TBS) for 1 h at room temperature. Membranes were then incubated with mouse anti-TSP2 (BD Biosciences), mouse anti-␤-actin (Thermo Fisher Scientific), rabbit anti-phosphorylated (Ser 1177 ) eNOS, rabbit anti-Akt, rabbit anti-phosphorylated (Ser 473 ) Akt, rabbit anti-IB␣ (Cell Signaling), rabbit anti-p65, rabbit anti-phosphorylated (Ser 311 ) p65, rabbit anti-RelB, rabbit anti-phosphorylated (Ser 552 ) RelB, mouse anti-phosphorylated (Ser 32 ) IB␣, and rabbit anti-eNOS (Santa Cruz Biotechnology). Membranes were washed and incubated with horseradish peroxidase-conjugated secondary antibody (1:5,000 dilution; Jackson ImmunoResearch Laboratories) for 1 h at room temperature, and the protein was visualized according to the chemiluminescence procedure (chemiluminescence reagent, GE Biosciences). The mean band intensities were measured densitometrically using ImageJ 1.46a (National Institutes of Health, Bethesda, MD).
Capillary morphogenesis assays. Tissue culture plates (35 mm) were coated with 0.5 ml of Matrigel (10 mg/ml; BD Biosciences) and allowed to harden by incubation at 37°C for Ն30 min. Cells were incubated with PEITC or PDTC for 8 h prior to assay in growth medium. Cells were removed by trypsin-EDTA, washed with DMEM containing 10% FBS, and resuspended at 1 ϫ 10 5 cells/ml in EC growth medium without FBS. Cells in a 2-ml volume were applied to the Matrigel-coated plates, incubated with PEITC or PDTC, and photographed after 18 h using a Nikon microscope in a digital format. For quantitative assessment of the data, the mean number of branch points was determined by counting the number of branch points in five high-power (ϫ100) fields.
Statistical analysis. Statistical differences between samples were evaluated with Student's unpaired t-test (2-tailed) or two-way ANOVA with Bonferroni's correction for multiple comparisons when appropriate. Values are means Ϯ SE. Each result is representative of at least three independent experiments. All statistical assessments were evaluated at the 0.05 level of significance. Statistical analyses were performed with GraphPad Prism statistical software (GraphPad Software, La Jolla, CA).
RESULTS

TSP2 expression in retinal vasculature is mainly attributed
to the perivascular supporting cells. In 1993, Iruela-Arispe et al. (18) demonstrated that TSP2 is highly expressed in blood vessels of the developing embryo. TSP2 is also highly expressed by mesenchymal progenitor cells and mesenchymally derived tissues such as bone and adipose tissue (35) . We previously demonstrated that PC isolated from the retinal vasculature have mesenchymal stem cell characteristics (31, 33) . However, the major source of TSP2 in the retinal vasculature is unclear.
Using retinal whole mounts from TSP2-GFP transgenic mice, we stained the retinal vasculature for PECAM-1 and GFP. In Fig. 1A , left, PECAM-1 staining was used to identify EC. We previously showed that PC do not express PECAM-1 (31, 33) . Staining using an antibody against GFP to identify sites of TSP2 expression and localization is depicted in Fig. 1A , middle. Expression of GFP localizing to cells on the abluminal surface of the blood vessels is shown in Fig. 1A , right. Modest overlap between GFP and PECAM-1 staining was observed. The GFP-positive cells are PC or vascular smooth muscle cells, in the case of larger vessels, based on their abluminal localization on retinal vasculature.
We next examined TSP2 expression in cyp1b1 ϩ/ϩ EC and PC (Fig. 1B) . Expression of TSP2 was very low in cyp1b1 ϩ/ϩ retinal EC compared with PC. We next examined TSP2 expression in cyp1b1 Ϫ/Ϫ retinal EC and PC. Lack of Cyp1B1 in both cell types increased TSP2 expression. However, lack of Cyp1B1 in PC resulted in a fourfold increase in TSP2 expression. These results are consistent with our previous report of increased TSP2 expression in cell lysates and conditioned medium of cyp1b1 Ϫ/Ϫ EC and PC (31, 39) . Thus TSP2 is predominantly expressed by retinal perivascular supporting cells, including PC and vascular smooth muscle cells.
PEITC and PDTC inhibit NF-B activation. We previously reported that cyp1b1 Ϫ/Ϫ retinal EC and PC have sustained NF-B activation and that the p65 subunit is the predominant NF-B protein family member in the retina (31, 39) . We used PEITC and PDTC to study the role of NF-B activation in cyp1b1 Ϫ/Ϫ vascular cells. Phosphorylation and total p65 expression were studied by Western blot analysis. PEITC (1 M) and PDTC (10 nM) decreased the level of phosphorylated (Ser 311 ) p65 in EC and PC (Fig. 2, A and C) . Quantitative assessment of the data is shown in Fig. 2 , B and D.
To examine the effect of PEITC and PDTC on NF-B activity, we transfected cyp1b1 Ϫ/Ϫ cells with NF-B luciferase reporter plasmids and then incubated the cells with PEITC and PDTC for 24 h, as described in MATERIALS AND METHODS. PEITC and PDTC inhibited NF-B activity in cyp1b1 Ϫ/Ϫ retinal PC and EC (Fig. 2, E and F) . We observed a 1.5-fold decrease with 1 M PEITC and a 2-fold decrease with 10 nM PDTC in retinal EC. In retinal PC, 1 M PEITC and 10 nM PDTC decreased NF-B activity by 25% and 33%, respectively. ) and cytochrome P-450 1B1-deficient (cyp1b1 Ϫ/Ϫ ) retinal endothelial cells (REC) and PC (n ϭ 9). ***P Ͻ 0.001, ****P Ͻ 0.0001. EC were incubated with PEITC (500 nM and 1 M) or PDTC (5, 10, and 50 nM), and lysates were analyzed by Western blot analysis for phosphorylated p65 (p-p65), total p65, and ␤-actin. B: quantitative assessment of data in A (n ϭ 3). **P Ͻ 0.01, ***P Ͻ 0.001. C: cyp1b1 Ϫ/Ϫ PC were incubated with PEITC (500 nM and 1 M) or PDTC (5, 10, and 50 nM), and lysates were analyzed by Western blot analysis for phosphorylated p65, total p65, and ␤-actin. D: quantitative assessment of data in C (n ϭ 3). *P Ͻ 0.05. E and F: NF-B activity was determined in cyp1b1 ϩ/ϩ and cyp1b1 Ϫ/Ϫ EC and PC using an NF-B luciferase reporter assay in the presence or absence of PEITC or PDTC (n ϭ 3). **P Ͻ 0.01, ***P Ͻ 0.001, ****P Ͻ 0.0001. G: indirect immunofluorescent staining using p65 was performed to demonstrate p65 NF-B localization; 4=,6-diaminido-2-phenylindole was used to stain cell nuclei. Scale bar, 50 m.
Using immunofluorescence staining, we next investigated the localization and expression of total p65. We observed increased nuclear and cytoplasmic staining of p65 in cyp1b1 Ϫ/Ϫ EC and PC compared with wild-type vascular cells, consistent with our Western blot analysis. Total p65 protein levels decreased after incubation with PEITC and PDTC in cyp1b1 Ϫ/Ϫ vascular cells (Fig. 2G) . Hence, PEITC and PDTC inhibited the sustained p65 NF-B activity and total expression in cyp1b1 Ϫ/Ϫ EC and PC.
Inhibition of NF-B alters apoptosis in cyp1b1
Ϫ/Ϫ retinal EC. Many studies using various cancer cell lines have demonstrated the potential of PEITC and PDTC to inhibit proliferation through cell cycle arrest and induction of apoptosis (21, 23, 49) . We previously demonstrated that loss of Cyp1B1 in retinal vascular cells confers resistance to apoptosis by decreasing caspase-3/7 activation. We determined the concentration range of PEITC (100 -500 nM) and PDTC (50 nM-1 M) cytotoxicity in cyp1b1 Ϫ/Ϫ retinal vascular cells (not shown). Final concentrations were chosen on the basis of cell viability results after 24 h of exposure and the ability to inhibit NF-B p65 levels. In retinal EC, 50 nM PDTC exhibited an ϳ20% decrease in cell viability, while PEITC did not have an impact. In retinal PC, increasing concentrations of PEITC and PDTC decreased cell viability, with the highest concentration decreasing viability by ϳ20%. Unless otherwise stated, 1 M PEITC and 10 nM PDTC were used for all experiments. Apoptotic cell death was determined by evaluation of the activation status of caspase-3/7. In Fig. 3A, cyp1b1 Ϫ/Ϫ retinal EC exhibited a decrease in basal caspase-3/7 activity compared with cyp1b1 ϩ/ϩ cells that was restored by PEITC and PDTC; cyp1b1 Ϫ/Ϫ PC also exhibited less caspase-3/7 activity than cyp1b1 ϩ/ϩ cells, but these inhibitors did not restore caspase-3/7 levels in these cells (Fig. 3B) .
To further confirm our observations, we examined the phosphorylation status of Akt by Western blot analysis. Akt, a Fig. 3 . Inhibition of NF-B alters apoptosis in retinal EC. A and B: rate of apoptosis was determined by measuring caspase activity with luminescent signal from caspase-3/7 DEVD-aminoluciferin substrate. In A, cyp1b1 Ϫ/Ϫ EC demonstrated an ϳ2-fold decrease in basal levels of caspase-3/7 and a 1.5-fold increase when incubated with PEITC or PDTC. In B, cyp1b1 Ϫ/Ϫ PC demonstrated a 3.5-fold decrease in basal levels of caspase-3/7 and no change when incubated with PEITC or PDTC. **P Ͻ 0.01, ***P Ͻ 0.001; #P Ͻ 0.05 vs. cyp1b1 Ϫ/Ϫ (control). C and E: cyp1b1 Ϫ/Ϫ EC (C) and PC (E) were incubated with PEITC (500 nM and 1 M) or PDTC (5, 10, and 50 nM), and lysates were analyzed by Western blot analysis for phosphorylated Akt (p-Akt), total Akt, and ␤-actin. D and F: quantitative assessment of phosphorylated Akt relative to total Akt (n ϭ 2). *P Ͻ 0.05. serine/threonine-specific kinase, is a regulator of multiple downstream processes, including apoptosis and cell proliferation. We previously reported that cyp1b1 Ϫ/Ϫ EC and PC display increased proliferation, which may in part be due to significant increases in phosphorylated Akt signaling. The cyp1b1 Ϫ/Ϫ retinal EC and PC displayed increased Akt phosphorylation on Ser 473 . Quantification of Akt phosphorylation showed an initial, not statistically significant, decrease after PEITC and PDTC incubation in cyp1b1 Ϫ/Ϫ EC (Fig. 3D) . We did not observe this decrease in PC, thereby confirming the caspase-3/7 results (Fig. 3E) . Thus our results suggest a cellspecific role for PEITC and PDTC in apoptosis.
Restoration of capillary morphogenesis and migration in cyp1b1
Ϫ/Ϫ vascular cells. Angiogenesis is a fundamental process in vascular development and remodeling during tissue injury. Formation of capillary-like structures is an important feature of EC that distinguishes them from other cell types. Most EC are able to differentiate and organize into a capillarylike network in Matrigel. We previously reported that loss of Cyp1B1 in retinal EC results in attenuation of capillary morphogenesis in Matrigel. To investigate whether sustained activation of NF-B contributes to attenuation of capillary morphogenesis, cyp1b1 Ϫ/Ϫ retinal EC were incubated with PEITC or PDTC. Both inhibitors were able to restore capillary morphogenesis in cyp1b1 Ϫ/Ϫ retinal EC (Fig. 4A) . Quantitative assessment of the mean number of branch points is shown in Fig. 4B . Further confirmation of the role of NF-B in capillary morphogenesis was observed in coculture models using retinal EC and PC (Fig. 4C) . The cyp1b1 Ϫ/Ϫ EC and PC, similar to cyp1b1 Ϫ/Ϫ EC alone, showed attenuation of capillary morphogenesis (Fig. 4C, image c) . Incubation with PEITC and PDTC restored capillary morphogenesis (Fig. 4C, images d and e) .
Addition of wild-type PC to cyp1b1
Ϫ/Ϫ EC also restored capillary morphogenesis (Fig. 4C, image b) , indicating a cell autonomous role for PC.
Proliferation and migration of EC is crucial to formation of patent vessels. The ability of PC to migrate and embed into the vascular basement membrane of the endothelium is also essential for the maturation and stabilization of newly forming vessels. We previously showed that loss of Cyp1B1 has differential effects in both EC and PC phenotypes. To provide evidence for NF-B involvement in migration, cyp1b1 Ϫ/Ϫ vascular cells were exposed to PEITC or PDTC for 24 h, and their migration was assessed using a Transwell migration assay. The cyp1b1 Ϫ/Ϫ EC were less migratory, and their migration was restored by incubation with PEITC and PDTC (Fig. 4E) (Fig. 5, A and C) . Quantitative assessment of the data is shown in Fig. 5, B and D. Inhibition of NF-B does not alter TSP2 levels. TSP2 is a large homotrimeric multidomain glycoprotein that modulates cell adhesion, proliferation, migration, and apoptosis with antiangiogenic activity (4). TSP2-null mice display obvious abnormalities in the extracellular matrix of skin, tendons, and ligaments and also exhibit an altered foreign body response, increased inflammation and extracellular matrix deposition, and leakage of the blood-brain barrier (22) . Despite the plethora of growing knowledge regarding the function of TSP2, very little is known about its expression during vascular development and pathological angiogenesis. We hypothesized that sustained NF-B activation is responsible for the increase in TSP2 levels in the cyp1b1 Ϫ/Ϫ retinal vascular cells. To test whether inhibition of NF-B altered TSP2 levels, Western blot analysis and RT-qPCR were performed after 24 h of incubation of cyp1b1 Ϫ/Ϫ vascular cells with PEITC and PDTC. PEITC and PDTC did not alter TSP2 levels in cell lysates or conditioned medium from cyp1b1 Ϫ/Ϫ EC or PC, respectively (Fig. 6,  A and B) . We also did not observe significant changes in TSP2 mRNA transcripts (Fig. 6C) .
To further analyze the contribution of NF-B to enhanced TSP2 levels, we used an IB␣ mutant (DN-mIB␣) in which Ser 32/36 is mutated to prevent phosphorylation at these residues, suppressing NF-B activation in cyp1b1 Ϫ/Ϫ EC and PC. This allowed us to solely consider the contribution of sustained NF-B activation to TSP2 expression without considering other modes of PEITC and PDTC action. Retinal EC and PC were transfected with DN-mIB␣ or empty vector (control) for 48 h, and Western blot analysis was used to assess NF-B suppression in the lysates. We observed significant downregulation of phosphorylated p65 NF-B in EC and PC (only PC data are shown for simplicity; Fig. 6D ). We also analyzed other NF-B family members, including RelB, p105/p50 and p100/ p52, and IB␣. We observed decreased phosphorylated (Ser 32 ) IB␣, decreased phosphorylated (Ser 552 ) RelB, and decreased p105, as expected, after inhibition of IB␣ (Fig. 6, E-G) . Levels of p100 were very low in these cells. Western blot analysis of cell lysates and conditioned medium from cells transfected with DN-mIB␣ did not reveal alterations in TSP2 levels (Fig. 6H) . Thus NF-B activity does not impact TSP2 expression.
To investigate if suppression of NF-B by expression of DN-mIB␣ also restores capillary morphogenesis, cyp1b1 Ϫ/Ϫ retinal EC were transfected for 48 h and subsequently plated in Matrigel for a tube formation assay (Fig. 6I) . We observed a twofold increase in capillary morphogenesis in retinal EC following transfection with the plasmid vs. control (Fig. 6J) .
Thus suppression of NF-B activation in the cyp1b1
Ϫ/Ϫ retinal EC restored capillary morphogenesis, similar to that observed with the NF-B inhibitors PEITC and PDTC.
To determine whether sustained activation of NF-B in the cyp1b1 Ϫ/Ϫ retinal vascular cells contributes to the increased ROS, retinal EC and PC were transfected with DN-mIB␣ for ϩ/ϩ and cyp1b1 Ϫ/Ϫ retinal EC were incubated with PEITC and PDTC, plated on Matrigel, and photographed after 18 h. Scale bar, 100 m. B: mean number of branch points from 5 high-power (ϫ40) fields (n ϭ 3). ****P Ͻ 0.0001. C: capillary morphogenesis of retinal EC and PC was assessed by coculturing cells in Matrigel for 18 h. Representative images show cyp1b1
PC ϩ 10 nM PDTC (e). Scale bar, 500 m. D: mean number of branch points (n ϭ 3). **P Ͻ 0.01, ****P Ͻ 0.0001. E and F: Transwell migration assays after 24 h of incubation of cyp1b1 ϩ/ϩ and cyp1b1 Ϫ/Ϫ EC (E) and PC (F) with PEITC and PDTC (n ϭ 3). Note 30% decrease in migration of cyp1b1 Ϫ/Ϫ compared with cyp1b1 ϩ/ϩ EC, 20% increase in migration of cyp1b1 Ϫ/Ϫ EC incubated with PEITC and PDTC, 75% increase in migration of cyp1b1 Ϫ/Ϫ compared with cyp1b1 ϩ/ϩ PC, 40% decrease in migration of cyp1b1 Ϫ/Ϫ PC incubated with PEITC, and 33% decrease in migration of cyp1b1 Ϫ/Ϫ PC incubated with PDTC. **P Ͻ 0.01, ***P Ͻ 0.001, ****P Ͻ 0.0001; #P Ͻ 0.05 vs. cyp1b1 Ϫ/Ϫ (control).
48 h and stained using DHE. Suppression of NF-B activation did not decrease oxidative stress in cyp1b1 Ϫ/Ϫ retinal EC or PC (Fig. 6, K and L) . Thus NF-B activation is downstream of ROS and TSP2 expression.
TSP2 knockdown in cyp1b1 Ϫ/Ϫ retinal EC and PC restores capillary morphogenesis but does not decrease oxidative stress.
To demonstrate that changes in cell functions described above are due specifically to the increase in TSP2 expression, we generated stable cyp1b1 Ϫ/Ϫ retinal EC and PC in which TSP2 was effectively knocked down using lentiviral siRNA (Ͼ75%). Figure 7 , A and B, shows that these viruses effectively knocked down TSP2 expression in cyp1b1 Ϫ/Ϫ EC and PC. Clones 400 and 402 were chosen for negative and positive controls for retinal EC, respectively, while clones 966 and 402 were chosen as negative and positive controls for retinal PC, respectively. We next determined whether downregulation of TSP2 in cyp1b1 Ϫ/Ϫ retinal EC restored capillary morphogenesis. Figure  7C shows that decreased TSP2 expression in cyp1b1 Ϫ/Ϫ EC significantly improved their ability to undergo capillary morphogenesis (Fig. 7C, image c) . Cells in which TSP2 knockdown was minimal were used as control, and these cells did not undergo capillary morphogenesis, as expected (Fig. 7C, image  b) . A similar result was previously observed in cyp1b1 Ϫ/Ϫ EC with use of transient knockdown of TSP2 (39) .
Given the nature of reactions catalyzed by Cyp1B1, we previously demonstrated that loss of Cyp1B1 increased ROS. However, it is unknown whether TSP2 plays a role during oxidative stress in these cells. Knockdown of TSP2 in cyp1b1 Ϫ/Ϫ EC and PC did not decrease ROS production determined by DHE staining. Representative images are shown in Fig. 7D . It is plausible that ROS are produced from products of cellular respiration that are not removed due to lack of Cyp1B1 and, further, that TSP2 status does not impact ROS generation. Thus increased TSP2 expression may be independent of ROS production as a result of Cyp1B1 deficiency.
Enhanced TSP2 expression activates the NF-B pathway. Whether a relationship exists between TSP2 expression and sustained NF-B activation is unknown. In the absence of Cyp1B1, we hypothesized that TSP2 upregulation may constitutively activate the NF-B pathway, thereby promoting the antiangiogenic state. We observed decreased p65 NF-B phosphorylation in the stable TSP2 knockdown EC and PC by Western blot analysis (Fig. 8, A and B) . Using indirect immunofluorescence, we showed that p65 expression was decreased in the cyp1b1 Ϫ/Ϫ TSP2 knockdown cells compared with the cyp1b1 Ϫ/Ϫ vascular cells (not shown). To demonstrate TSP2 activation of the NF-B pathway, we used adenoviruses encoding TSP2 cDNA or GFP to overexpress mouse TSP2 in cyp1b1 ϩ/ϩ retinal EC and PC. Figure 8C shows that this virus effectively overexpressed TSP2 in retinal EC and PC. We first demonstrated that overexpression in retinal EC changes eNOS expression in wild-type retinal EC. We previously showed decreased eNOS expression in cyp1b1 Ϫ/Ϫ retinal EC (38) . Figure 8D shows that overexpression of TSP2 decreased eNOS and phosphorylated (Ser 1177 ) eNOS levels. Using Western blot analysis, we next determined whether overexpression of TSP2 affects phosphorylation of p65NF-B and increases p105/p50. Figure 8 , E and F, shows increased p65 phosphorylation (Ser 311 ) following expression of TSP2 in wild-type retinal EC. Similarly, we showed increased p65 phosphorylation as well as p105/p50 after expressing TSP2 in cyp1b1 ϩ/ϩ PC (Fig. 8, G  and H) . Thus TSP2 levels may directly affect activation of the NF-B pathway. 6 . Suppression of NF-B activity does not alter TSP2 levels. A and B: cyp1b1 Ϫ/Ϫ EC and PC were incubated with PEITC or PDTC in serum-free medium for 48 h, and lysates and conditioned medium were collected and evaluated for TSP2 and ␤-actin expression by Western blot analysis. C: relative TSP2 mRNA level was analyzed using real-time qPCR in cyp1b1 ϩ/ϩ and cyp1b1 Ϫ/Ϫ EC and PC after incubation with PEITC and PDTC (n ϭ 9). ***P Ͻ 0.001.
D-G: cyp1b1
Ϫ/Ϫ PC were transfected with empty vector or dominant-negative (DN)-mIB␣ plasmid for 48 h, and lysates were evaluated for phosphorylated p65, total p65, phosphorylated IB␣ (p-IB␣), total IB␣, phosphorylated RelB (p-RelB), total RelB, p105/p50, p100/p52, and ␤-actin. WT, cyp1b1 ϩ/ϩ ; Vector, cyp1b1 Ϫ/Ϫ empty vector; IB␣, cyp1b1 Ϫ/Ϫ DN-mIB␣ plasmid. H: cyp1b1 Ϫ/Ϫ PC were transfected with empty vector or DN-mIB␣ plasmid for 48 h and incubated in serum-free medium for 48 h. Lysates and conditioned medium were collected and evaluated for TSP2 and ␤-actin expression by Western blot analysis. Note lack of effect on TSP2 level in cyp1b1 Ϫ/Ϫ PC expressing DN-mIB␣ compared with vector control. I: cyp1b1 Ϫ/Ϫ EC were transfected with empty vector or DN-mIB␣ plasmid for 48 h. 
DISCUSSION
The studies presented here establish a novel relationship between TSP2 expression and NF-B activation as regulators of angiogenesis. The major focus of the present study was to determine the role of NF-B and TSP2 in vascular defects associated with Cyp1B1 deficiency. We previously demonstrated that cyp1b1 Ϫ/Ϫ retinal vascular cells display increased oxidative stress, sustained NF-B activation, and increased TSP2 levels, which result in attenuation of angiogenesis in vivo and altered vascular cell function in vitro. Here we show that Cyp1b1 deficiency results in increased ROS and TSP2 levels in retinal vascular cells upstream of NF-B. Our studies demonstrate a novel role for TSP2 in the activation of NF-B, independent of increased oxidative stress, and attenuation of angiogenesis and altered vascular cell function.
NF-B is a ubiquitous, heterodimeric transcription factor that plays pivotal roles in survival pathways, chemotaxis, and inflammation (1, 2) . In quiescent cells, NF-B is sequestered in the cytosol by the IB proteins. Phosphorylation of IB by the IB kinase family of proteins leads to proteasome-mediated degradation, thereby allowing NF-B nuclear translocation and subsequent activation of transcription. Angiogenesis is a complex process requiring the coordinated regulation of many proand antiangiogenic factors, as well as the interplay between EC and PC. The activation of NF-B has long been implicated in the dysregulation of angiogenesis, and current therapeutic approaches include use of pharmacological inhibition of NF-B, including isothiocyanates and dithiocarbamates.
In this study we used the pharmacological inhibitors PEITC and PDTC to inhibit NF-B, and we addressed the effects of Ϫ/Ϫ TSP2 siRNA knockdown EC and PC. Representative images are shown. Note no effect on DHE staining of cyp1b1 Ϫ/Ϫ infected with TSP2 specific siRNAs compared with cyp1b1 Ϫ/Ϫ control.
PEITC and PDTC on capillary morphogenesis, migration, oxidative stress, and TSP2 expression in the cyp1b1 Ϫ/Ϫ vascular cell. We demonstrated that PEITC and PDTC inhibited p65 NF-B activity and reduced total p65 expression in cyp1b1 Ϫ/Ϫ retinal EC and PC and improved capillary morphogenesis and migration, while abrogating oxidative stress in these cells. We showed differential effects of these inhibitors on cyp1b1 Ϫ/Ϫ retinal EC and PC, demonstrating that sustained NF-B activation affects the proangiogenic properties in a cell-specific manner.
One of the unclear phenotypic evaluations that remains to be resolved is the increase in cellular apoptosis through activation of caspase-3/7 in the cyp1b1 Ϫ/Ϫ EC, but not PC, incubated with PEITC or PDTC. It is unclear which pathways contribute to the enhanced cell survival and how these pathways, which are potentially responsible for activation of caspase-3/7 and subsequent apoptosis, are interdependent. We previously demonstrated increased phosphorylated Akt in cyp1b1 Ϫ/Ϫ vascular cells. Further evaluation of intracellular signaling pathways demonstrated that PEITC or PDTC did not alter the Akt signaling pathway in either cell type. Thus PEITC and PDTC incubation may affect other signaling pathways that influence the survival of retinal EC. In a model of Alzheimer's disease, PDTC was observed to activate Akt. However, this was not associated with changes in NF-B activity or oxidative stress. Thus Akt activation may differ significantly among these models (25) . We previously showed that proapoptotic protein Bax mRNA and protein expression is decreased in the cyp1b1 Ϫ/Ϫ PC. However, incubation of these cells with PEITC or PDTC did not alter Bax mRNA levels (not shown). These results suggest that complex cell type-specific mechanisms are involved, and their identities are the subject of future investigation. Restoration of capillary morphogenesis in cyp1b1 Ϫ/Ϫ retinal EC and PC may be due to abrogation of oxidative stress, as we previously showed that the antioxidant N-acetylcysteine restores the ability of cyp1b1 Ϫ/Ϫ retinal EC to undergo capillary morphogenesis (39) . Another potential mechanism for restoration of capillary morphogenesis may reside with eNOS and NO production. We previously showed that loss of Cyp1B1 is associated with decreased eNOS expression and NO production (38) . We were unable to demonstrate a clear increase in eNOS signaling or NO production after incubation with PEITC or PDTC. We also found that inhibition of NF-B expression and activity did not alter TSP2 expression. MacLauchlan et al. (24) showed that TSP2 is modulated by NO. The eNOS knockout mice exhibit increased TSP2 levels in cutaneous wounds and hindlimb ischemia. The in vitro studies of MacLauchlan et al. confirmed that NO represses TSP2 promoter activity. We recently demonstrated that loss of Cyp1B1 in EC decreases eNOS expression and increases TSP2 (38) . However, reexpression of eNOS or use of a NO donor in cyp1b1 Ϫ/Ϫ EC was not sufficient to decrease the TSP2 level. Retinal PC do not express eNOS and/or produce NO under normal conditions. How TSP2 becomes upregulated in PC and the role of TSP2 in the attenuation of their proangiogenic properties are unclear. Appropriate migration of vascular cells is critical to the creation and stabilization of patent vessels. Loss of Cyp1B1 differentially impacted the migration of retinal EC and PC, resulting in decreased and increased migration, respectively. Interestingly, PEITC and PDTC restored appropriate migration in each of these cell types. PEITC was shown to have antimetastatic effects in many studies using in vitro cancer models, including prostate and gastric cell lines, by inhibiting focal adhesion kinase, RhoA, matrix metalloproteinase (MMP-9) expression, and a plethora of signaling molecules and pathways (21, 23, 49) . This evidence substantiates the effects of PEITC in our cyp1b1 Ϫ/Ϫ PC, in which we saw reduced migration; however, the mechanism through which this occurs and how PEITC increases migration of cyp1b1 Ϫ/Ϫ EC are unclear. Since PEITC and PDTC are potent inhibitors of NF-B activation in vitro, as demonstrated by many studies, the changes we demonstrate suggest that NF-B activation in part is responsible. However, other mechanisms of action for these pharmacological inhibitors have also been described (6, 34, 36, 44, 46, 50) . Other investigators have demonstrated functions for PEITC and PDTC that include metal chelation and antioxidant inhibition of NF-B (6, 34, 36, 44, 46, 50) . Several studies investigating the mechanisms of PDTC revealed that it is the prooxidant properties, rather than any antioxidant effects, that are responsible for the inhibition of NF-B (6). Other reports also describe a prooxidant effect that is responsible for generating increased oxidative stress (30) . Inhibition of NF-B decreased ROS levels in the cyp1b1 Ϫ/Ϫ retinal EC and PC; however, whether this is due to inhibition of NF-B or solely to the antioxidant properties of these compounds warrants further investigation using other methods to inhibit NF-B.
Using a DN repressor of NF-B activation to exclude the contribution of multiple intracellular signaling pathways, we performed additional studies that examined the contribution of NF-B (26, 45) . Transfection of this repressor resulted in decreased NF-B activation in cyp1b1 Ϫ/Ϫ retinal PC and EC, as well as decreased levels of phosphorylated RelB, p105/p50, p100/p52, and phosphorylated IB␣, as expected (Fig. 6, D-G; retinal EC data not shown for simplicity). We were also unable to demonstrate that activation of NF-B contributes to the increased ROS in these cells. These observations provide further evidence that the decrease in ROS is not due to the inhibition of NF-B by PEITC and PDTC, but by the antioxidant properties of these two compounds. Although we observed restoration of capillary morphogenesis, similar to the NF-B inhibitors, we did not observe a change in TSP2 protein levels (Fig.  6H) . Thus modulation of TSP2 expression is independent of NF-B activation.
To further elucidate the role of TSP2, we knocked down TSP2 expression in cyp1b1 Ϫ/Ϫ retinal EC and PC. The knockdown studies revealed restoration of capillary morphogenesis but no change in the ROS levels in the cells (Fig. 7, C and D) . These results suggest that TSP2 does not influence the oxidative state of the cell but, rather, our initial hypothesis that loss of Cyp1B1 enzymatic activity results in ROS accumulation. We further demonstrated that TSP2 knockdown results in a decrease in NF-B activation in the absence of Cyp1B1. Furthermore, expression of TSP2 in cyp1b1 ϩ/ϩ retinal EC and PC confirmed our hypothesis that TSP2 expression is sufficient to, directly or indirectly, activate the NF-B pathway. A direct B binding site has not been identified in the TSP2 promoter region. There is very little evidence to suggest a link between NF-B and TSP2. De Stefano et al. (9) investigated the role of NF-B in the angiogenic and fibrogenic response induced by -carrageenin in a rat model of chronic inflammation. They showed that inhibition of NF-B/DNA binding activity downregulated cyclooxygenase-2, MMP-9, and TNF-␣. Blockage of NF-B activity prevented the development of granulation tissue induced by a -carrageenin-soaked sponge implant by upregulating Bax, TSP1, and TSP2 expression. This study suggested that TSP2 is a gene target of NF-B; however, we were unable to demonstrate that TSP2 is a direct transcriptional target of NF-B but, rather, that TSP2 influences NF-B activity in our retinal vascular cells.
In summary, we show that sustained activation of NF-B results in altered proangiogenic properties of retinal EC and PC. Furthermore, enhanced TSP2 expression contributes to the activation of NF-B in the cyp1b1 Ϫ/Ϫ vascular cells, and impeding the expression of endogenous angiogenesis inhibitor TSP2 restores angiogenesis. Thus targeting of TSP2 may provide a method to control NF-B activation and its associated vascular dysfunctions. 
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